The calculation and measurement results of transients for an electrodynamic accelerator with permanent magnet support have been presented in this paper. The calculations have been made using the magnetostatic model in the Maxwell software, as well as using a Matlab/Simulink transient model. The waves of mechanical parameters (projectile velocity and acceleration, force) and electric ones (excitation current and capacitor voltage) have been analyzed for different supply conditions (voltage value, capacitance). The efficiency and projectile energy have been studied as well. The mathematical models have been verified experimentally using the original laboratory stand. A good conformity between calculation and measurement results has been obtained.
INTRODUCTION
, mostly due to better performance (efficiency, projectile velocity). A disadvantage of such electrodynamic accelerator is the high cost of assembling and problem with rails and electric contact degradation (Cooper et al., 2007; Tang et al., 2015; Wild et al., 2014) . Another problem is a very high current peak of kA to even MA appearing in some milliseconds. The efficiency of the device is low, as well.
In order to increase the efficiency of the railgun there is a need not only to perform the experimental work, but also to create a proper calculation model, which would simulate the physical object with sufficient accuracy (Kluszczyński and Domin, 2015) . The proper model could be used, for example, in order to increase the thrust, without increasing the excitation current (Waindok and Piekielny, 2013; Gieras et al., 2011) . One of the method is the optimization of the magnetic circuit. It requires the development of a magnetostatic model using field analysis, for example 3D finite element method (FEM). The transient model is very important as well. It enables to follow the influence of supplying parameters and initial conditions on the waves connected with discharges, which allows to improve the efficiency of the whole system.
In the paper, the calculation and measurement results for the original electrodynamic accelerator with iron core and permanent magnets have been presented. The device has been developed in the Department of Electrical Engineering and Mechatronics at Opole University of Technology. The calculations have been carried out using a field-circuit model of the device (Zimon et al., 2012) . For magnetostatic analysis, the Maxwell software has been used. The parameters obtained in the field calculations have been used in the transient (circuit) model, which has been implemented in the Matlab/Simulink software.
PHYSICAL MODEL
The picture of the accelerator with ferromagnetic core and permanent magnets is presented in Fig. 1a . The magnetic field has two sources: a current flowing through the circuit and permanent magnets. The iron core has been used in order to focus the magnetic field lines in the projectile area. Therefore, in relation to the core-less accelerator, the thrust could be increased for the same excitation current value.
Before construction of a prototype, some calculations have been carried out in order to set up the dimensions of the core and permanent magnets (Fig. 1b) . The following design constraints have been assumed: a cross-section of each rail less than 100 mm 2 , the distance between them a=12 mm, the length of the device l=200 mm. The non-linear characteristic of the core has been measured and taken into account (Fig. 2) . The measurement has been performed for a ring-shaped magnetic sample (Tumanski, 2011) . The sinusoidal voltage supply system has been used. The magnetic field strength in the magnetic circuit has been determined with using the Ampere's circuital law. The magnetic flux density value in the sample has been determined according to Faraday's law, using the mean value of the induced voltage.
The projectile core of 25 mm length (Fig. 3 ) has been made of PF CC 201 material (textolite). The PF CC 201 has been chosen due to its ease processing, low mass (m=2.5 g), relatively high stiffness and high heat resistance. The reduction of the mass allows to take the shot at smaller values of the excitation current. The active part of the projectile is made of an OFC (Oxygen-Free Copper) wire, which ensures a good electric contact between rails and the projectile. The OFC wire was selected due to high conductivity and friction resistivity, which is very important in dynamic systems with high current values. The rails have been made of brass. 
MATHEMATICAL MODEL
In order to determine the magnetic field integral parameters, the finite element method, implemented in the program Maxwell, has been used. The voltage boundary conditions were assumed on the rails ends (Fig. 5 ). On the outer boundaries the zero Dirichlet condition has been assumed. The eddy current effect has been neglected. Using this model, the integral parameters of the field have been determined. The magnetic flux on the surface S (limited by the rails and projectile, Fig 6) was calculated with using the expression:
where: Φ -magnetic flux on the surface S, -magnetic flux density vector, -unit vector normal to surface S, -surface limited by the rails and projectile, parallel to the plane YZ (Fig. 6 ). Lorentz force F acting on the projectile was calculated according to equation:
where: -current density vector in the projectile, Ω -volume of the projectile.
The dynamic inductance Ld of the accelerator was determined by the expression:
where: -current flowing through the rails, -magnetic energy.
In order to select the proper mesh discretization, the calculations for two different meshes have been made (Fig. 5 ). In the first case an adaptive method for mesh generation has been used. The algorithm has created quite coarse mesh presented in Fig. 5a . In the second case, the maximum size of the mesh elements in each sub-area has been forced (Fig. 5b) , which signif-
icantly increases the number of elements (dense mesh). In table 1, the calculation results for both types of mesh have been given. Due to small differences between obtained results (below 1.1% in case of thrust and below 0.2% for excitation current) and due to significantly shorter calculation time, the coarse mesh generated by an adaptive method, has been used. It should be mentioned, that the calculation time for magnetostatic models is a very important quantity, since the calculations of integral parameters (magnetic flux, force and inductance) are made for different positions of the projectile and different excitation current values. The analysis of accelerator operation is based not only on static, but also on the dynamic calculations. Thus, a field-circuit model have been developed for a transient analysis. The equations describing the dynamic model of the railgun have been obtained with using the Euler-Lagrange method:
The first equation describes the mechanical part of the system, while the second one describes the electrical part. The above equations have been implemented in the Matlab-Simulink software. The values of force and magnetic flux vs. position and excitation current values have been calculated with using the FEM magnetostatic model and included in the form of Look-up tables.
MAGNETOSTATIC CALCULATION RESULTS
The current density and the thrust values, as well as magnetic field distribution have been determined for different values of the excitation voltage (-60 V to 200 V). In Fig. 7a an exemplary distribution of the current density (for U=150 V) has been shown (the projectile is placed in position zi=3 cm (Fig.6) .
Fig. 6. Initial position of the projectile
The highest value of the current density is observed in the area of the projectile, on the inner edges of the conductive part (more than 3 kA/mm 2 ). In Fig. 7b the magnetic flux density distribution for U=150 V has been depicted. Accordingly to the current density distribution, the highest value of the magnetic flux density is observed in the projectile area (about 4.13 T). Such a high value is due to high current density value. In the iron parts of the railgun, the magnetic density value is much lower (below 2 T). inductance Ld is an important parameter. The graph of the Ld=f(z, i) has been presented in Fig. 9 . Its value weakly depends on the excitation current and is linearly dependent on the projectile position coordinate. 
TRANSIENT CALCULATION AND MEASUREMENT RESULTS
The measurements for different capacitors and voltage values have been made. Some results are presented in Fig. 10 . Increasing of the capacitance values raises the discharge time and slightly increases the peak current value (Fig. 10a) . The capacitor voltage level affects only the current value -increasing of the voltage increases the current in approximately a linear way (Fig. 10b) . of the thyristor, which switches off the inductive circuit under nonzero conditions and generates a voltage disturbance in the circuit. The current is measured based on the voltage drop on the resistor. Thus the voltage disturbance is visible in measured waves.
There are also visible differences between measured and calculated shape of current waves (Fig. 11) . Therefore, some modifications have been proposed in the mathematical model. From the experimental research came out, that in the system some time lags are existing between the thyristor triggering time and the response time of the circuit rails-projectile. The system behaves in some ways like a transmission line. Therefore, in the mathematical model, a fixed time delay block for the inductance value has been added. The delay time has been chosen based on the experimental tests as Δt=4.4 μs. After the delay time, the static inductance value of the accelerator circuit raises from 0 to 0.98 µH. The results for the modified field-circuit model have been presented in Fig. 12a . In the case of current wave, a very good conformity between calculation and measurement results is observed. The measured voltage wave on the capacitors differs slightly from the calculated one (Fig. 12b) . However, the mathematical model is sufficiently precise and could be used in future calculations. The negative value of the capacitor voltage is caused by the finite switching-off time of the thyristor (about 100 μs).
The measurement verification of the projectile velocity has been made, as well (Tab. 2). The differences between calculated and measured results do not exceed 10 % and are observed for the lowest velocity values. In the case of the highest observed velocities, the difference does not exceed 1.1 %. Using the field-circuit model, some additional calculations have been carried out. They concern quantities, which are very difficult to measure, i.e. thrust, acceleration, velocity and position of the projectile. The initial position of the projectile equal to zi=3 cm has been included in the model. In Fig. 13 some results are presented. The shape of force and acceleration waves is the same (Fig. 13a) . The maximum value of the acceleration reaches very high value (121890 m/s 2 ), which is due to small mass of the a) b) b) a) movable element and due to relatively high force (peak value of 549.74 N). Waveforms of the position and velocity (Fig. 13b) indicate, that the duration of force and current impulses (about 1 ms) is much shorter than the duration of the projectile movement in rails (about 4 ms). It means, that the capacitance could be increased in order to exploit the full potential of the presented accelerator.
CONCLUSIONS
A study of the mathematical and physical models of the electrodynamic accelerator (railgun) with permanent magnets support has been presented in the paper. The obtained results allow to formulate some conclusions:  the capacitance value has an impact mainly on the duration of current pulse. Increasing the capacity influences only slightly the peak value of the excitation current ( Fig. 10a) .;  the initial capacitor voltage value affects mainly the excitation current value (Fig. 10b) .;  mathematical models which do not take into account the additional time delay in the system do not simulate the physical object with a sufficient precision ( Fig. 11) .;  for the correct calculation of the projectile velocity, an appropriate choice of the friction coefficient value is important. The efficiency of the railgun has been determined as well. The measurement results have been presented in Tab. 3. In our tests the efficiency value did not exceed 1 % and increases along with the energy value. The future works will be focused on increasing this parameter. The level of complexity of the phenomena occurring in the electrodynamic accelerator is relatively high. Thus, some further investigations for improving both physical and computational models are planned. In particular, the development of the experimental stand will be carried out.
Tab. 3. Measured efficiency of the investigated accelerator
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